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(Received 8 December 2003; published 30 June 2004) 012301-2 We present the results of a systematic study of the shape of the pion distribution in coordinate space 
at freeze-out in Au + Au collisions at BNL RHIC using two-pion Hanbur y Brown –Twiss (HBT) 
interferomet r y. Oscillations of the extracted HBT radii versus emission angle indicate sources elongated 
perpendicula r to the reaction plane. T he results indicate that the pressure and expansion time of the 
collision system a re not sufﬁcient to completely quench its initial shape. 
DOI: 10.1103/ PhysRevLett.93.012301 PACS numbers: 25.75.Gz, 25.75.Ld pa r ticle Bose-Einstein cor relations directly accesses the piiiiiiiisions at sNN = 130 GeV [3,4] yielded an appa rent Relativistic heavy ion collisions a re believed to reach 
sufﬁciently high energy densities and temperatures for the 
possible formation of a qua rk-gluon plasma (QGP) [1]. 
Hanbur y Brown –Twiss (HBT) interferometr y [2] of two space-time str ucture of the emitting source formed in 
these collisions, providing cr ucia l probes of the system 
dyna mics. At the BN L Relativistic Heavy Ion Collider 
(RHIC), identical-pion HBT studies in Au + Au colli­012301-2
 
week ending P H  Y S I C A  L  R  E  V I  E  W  L  E  T  T  E  R S  VOLU ME 93, NU MBER 1 2 JU  LY  200  4  source size consistent with measurements at lower ener­
gies, in cont rast to predictions of la rger sources based on 
QGP formation [5]. In addition, hydrodyna mica l models, 
successful at RHIC in describing transverse moment um 
spectra and elliptic ﬂow [6], have failed to reproduce the 
small HBT radii [7]. T his so-called ‘‘HBT puzzle’’ [8,9] 
might a rise because the system’s lifetime is shor ter than 
predicted by models. 
In noncentral collisions, azimut hally sensitive HBT 
measurement s performed relative to the reaction pla ne 
provide a measure of the source shape at freeze-out 
[10 –12]. In such collisions, the al mond-shaped collision 
geomet r y generates greater transverse pressure gradients 
in the reaction plane than perpendicula r to it. T his leads to 
stronger in-pla ne expansion (elliptic ﬂow) [6,13 –15] 
which diminishes the initia l out-of-plane spatial a nisot­
ropy. T herefore the freeze-out source shape should be 
sensitive to the evolution of the pressure gradients and 
the system lifetime; a long-lived system would be less 
out of plane extended and perhaps in plane extended. 
Hydrodyna mic ca lculations [16] predict a strong sensitiv­
it y of the HBT pa ra meters to the ea rly conditions in the 
collision system and show that, while the system may 
still be out of plane extended a fter hydrodyna mic evolu­
tion, a subsequent rescattering phase [17] tends to ma ke 
the ﬁnal source in plane. Knowledge of the freeze-out 
source shape might discriminate a mong scena rios of the 
system’s evolution. 
In this Letter, we present results of a systematic study 
of azimuthally sensitive HBT in Au + Au collisions at piiiiiiii = 200 GeV. T hese results allow for ﬁrst studies of 
the relationship between the initial and ﬁnal eccentricities 
of the system. 
T he measurements were made using the STAR detector 
sNN 
[18] at RHIC. Par ticle trajectories and momenta were 
reconstr ucted using a time projection cha mber (T PC) 
with full azimuthal coverage, located inside a 0.5 T 
solenoidal magnet. Au + Au events with prima r y ver tices 
s 25 cm longitudinally of the T PC center were placed 
into cent rality classes following Ref. [19]. A high-
multiplicity triggered data set of 5 X 105 events was 
used for the most-cent ral bin (0% – 5% total cross sec­
tion), and a minimum-bias data set of 1:6 X 106 events 
was used for all other centrality classes (5% –10%, 10% – 
20%, 20% –30%, and 30% – 80%). T he 2nd-order event 
pla ne angle \2 [20] for each event was determined 
from the weighted sum of prima r y cha rged-pa r ticle 
transverse momenta [21]. Within a resolution which we 
determine from the random subevent method [20], \2 = 
\rp (tr ue reaction plane angle) or \2 = \rp + 7; i.e., the 
direction of the impact pa ra meter vector is determined up 
to a sign [20,22]. 
Pion ca ndidates, selected according to their speciﬁc 
energy loss (dE=dx) in t he T PC in the rapidity range jyj< 
0:5, were required to pass wit hin 3 cm of the prima r y 
ver tex and contain > 15 (out of 45) T PC space points in 012301-3 the reconstr ucted trajector y. Pion pairs were subjected to 
two requirements. To account for reconstr ucting a single 
pa r ticle trajector y as two tracks, a topological cut is 
applied in which a minimum fraction of T PC pad layers 
must show distinct hits for both tracks. To reduce t he 
effect of merging two pa r ticle trajectories into a single 
reconstr ucted track, an additional topologica l cut re­
quires t hat the number of merged T PC hits falls below a 
ma ximum fraction. T he latter cut leads to a systematic 
er ror that depends on the event multiplicit y and the trans­
verse momentum of the tracks [3]. 
Pairs of like-sign pions were placed into bins of 
<0 = ¢pair -\2, where ¢pair is the azimuthal angle of 
1the pair moment um [k = (p1 + p2)]. Because we use 2 
the 2nd-order reaction plane, <0 is only deﬁned in 
the range (0; 7). For each bin, a t h ree-di mensional 
cor relation function is constr ucted in the P ratt-Ber tsch 
‘‘out-side-long’’ decomposition [23] of the relative pair 
momentum q. T he numerator of the cor relation function 
contains pai rs of pions from the sa me event, and t he 
denominator contains pairs of pions from different events 
which have simila r pri ma r y ver tex position, reaction 
plane orientation, multiplicit y, and magnetic ﬁeld orien­
tation. 7- pairs and 7+ pairs were mi xed sepa rately due 
to cha rge-dependent acceptances but a re combined to 
increase statistics; sepa rate 7+ and 7- ana lyses showed 
no signiﬁcant differences. 
Finite reaction plane resolution and ﬁnite width of 
the <0 bins reduce the measured oscillation a mplit udes 
of HBT radii vs <0 . A model-independent cor rection 
procedure [24], applied to each q bin in the numera­
tor and denominator of each cor relation function, ac­
counts for these effects and increases the a mplitudes of 
the HBT radii vs < (< = ¢pair -\rp). T he increase is 
roughly inversely propor tional to the measured [20,21] 
reaction plane resolution, i.e., the a mplitudes increase 
�10%–30%. All data were cor rected using this proce­
dure. Also, autocor relation contributions to < were tested 
by selecting distinct sets of pa r ticles for event plane 
determination and HBT a nalysis, with no observed effect. 
In addition, cor relations due to ﬁnal-state Coulomb 
repulsion must be accounted for, in order to isolate t he 
Bose-Einstein cor relations of interest. Traditiona lly this 
was accomplished by applying cor rection weights [deter­
mined by calculating the Coulomb cor relation function 
K(q) for a spherical Gaussian source [3]] to a ll pa irs in t he 
denominator. Recently, the CER ES Collaboration [25] 
noted that t his approach overcor rects for the Coulomb 
effect and advocated a n improved procedure [26] which 
applies the Coulomb weight only to the fraction of pa irs 
that pa r ticipate in the Bose-Einstein cor relation. We adopt 
this approach and ﬁt each experimental cor relation func­
tion to the form: 
C(q; <) = N · [(1 - A) · 1 + A · K(q)(1 +G(q; <))]; 
(1) 012301-3
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0.15 < k  < 0.25 0.35 < k  < 0.45 i 
where the (1 - A) and A terms account for the nonpa r ti­
cipating and pa r ticipating fractions of pairs, respectively, 
N is a normalization pa ra meter, and G(q; <) is the 
Gaussian cor relation model [23]: 
2 2 2 
oRo 
2 (<)-q Rs 2(<)-q Rl 2(<)-qoqsR2 (<):s l osG(q; <) =  e -q (2) 
R2 a re the squa red HBT radii, where the l, s, and  o 
subscripts indicate the long (pa ra llel to bea m), side (per­
pendicula r to bea m a nd tota l pair moment um), and out 
(perpendicula r to ql and qs) decomposition of q with an 
additional cross term [27]. Fit ting with Eq. (1) caused Ro 
to increase 10% –20% compa red to Coulomb cor recting 
a ll pairs, while Rs and Rl, respectively, a re consistent 
within er rors. 
Figure 1 shows t he squa red HBT radii, obtained using 
Eq. (1), as a function of < for th ree centralit y classes. All 
pairs with pai r t ransverse moment um 0:15 s kT s 
0:6 GeV=c a re included, and each centrality is divided 
into 12 < bins of 15° width. T he data point at < = 7 is 
the reﬂected < = 0 value, and solid lines indicate Fourier 
expansions of the allowed oscillations [24]: 
 hR2 (kT ; <) cos(n<)i ( = o; s; l);R2 (3) ;n(kT ) = hR2 ( = os): (kT ; <) sin(n<)i 
As expected [3], the 0th-order Fourier coefﬁcient (FC) 
indicates la rger appa rent source sizes for more central 
collisions. We veriﬁed that the 0th-order FC cor responds 
to the HBT radii from an azimuthally integrated analysis. 
Strong 2nd-order oscillations a re observed for R2 o, R2 s , 
and R2 , and the signs of the oscillations a re qualitatively os 
self-consistent [10,24], though the a mplitude for most-
cent ral events is small. Simila r oscillations were observed )2
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FIG. 1 (color online). Squa red HBT radii using Eq. (1) rela-
tive to the reaction plane angle for th ree cent rality classes. T he 
solid lines show allowed [24] ﬁts to the individual oscillations. 
012301-4 �
in a statistics-limited analysis of minimum-bias Au + Au piiiiiiii
collisions at = 130 GeV [28]. T hese oscillations sNN 
cor respond to a pion source spatia lly extended perpen­
dicula r to the reaction plane, as discussed below. T he next 
terms (4th order) in the Fourier expansions [Eq. (3)] a re 
consistent with zero wit hin statistical er rors. 
The kT dependence of the oscillations of the HBT radii 
may contain impor tant in formation on the initial condi­
tions and equation of state of the system [29]. Figure 2 
shows the < dependence of HBT radii for midcent ral 
(20% – 30%) events for four kT bins. Because of the addi­
tional division of pairs in kT , only four bins in < a re used. 
T he 0th-order FC increases with decreasing kT , which 
was observed for azimuthally integrated HBT analyses at piiiiiiii = 130 GeV [3] and at tributed to pion emission 
from an expanding source. Strong out-of-pla ne oscilla­
tions a re observed for all tra nsverse radii in each kT bin. 
T he full results a re sum ma rized in Fig. 3, which shows 
the cent rality dependence of the Fourier coefﬁcients for 
th ree ranges of kT . T he number of pa r ticipa nts for each 
centrality was determined using a simple nuclea r overlap 
model [19]. Systematic va riations of the HBT radii a rise 
due to their sensitivit y to the a ntimerging cut th reshold 
and uncer tainty associated wit h the Coulomb procedure 
[3]. T he total va riation is la rgest for R2 ( 10%). T he 
sNN 
o;0 
systematic va riation on the relative a mplit udes plotted in 
the right panels of Fig. 3 a re negligible compa red to 
statistical er rors. Also, all cor relation functions compos­
ing Fig. 3 a re cor rected for momentum resolution follow­
ing our prescription in Ref. [3]. 2
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FIG. 2 (color online). Squa red HBT radii relative to the 
reaction plane angle for four kT (GeV=c) bins, 20%–30% 
centrality events. T he solid lines show allowed [24] ﬁts to the 
individual oscillations. 
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tails). La rger pa r ticipant numbers cor respond to more central 
collisions. 
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FIG. 4. Source eccentricity obtained with azimuthally sensi­
tive HBT (" final ) vs initial eccent ricity from a Glauber model 
(" initial). T he most periphera l collisions cor respond to the la rg­
est eccentricit y. T he dashed line indicates " initial = " f inal . 
Uncer tainties on the precise nature of space-moment um cor re­
lations lead to 30% systematic er rors on " final [30].As in Figs. 1 and 2, the 0th-order FCs (left panels) 
cor respond to the squa red HBT radii that would be ob­
tained in a standa rd analysis. R2 o;0, Rs;2 0, a  nd  R2 l;0 are all 
observed to decrease for more peripheral collisions. 
Ro=Rs, found in theoretical calculations to be sensitive 
to the emission duration of the system [5], is observed 
to be Ro;0=Rs;0 = 1:15 � 0:01 (1:06 � 0:01) for the 
lowest (highest) kT bin for 0% – 5% most-central events. 
T hese values a re consistent with that repor ted at piiiiiiii 
sNN = 130 GeV [3] when the increase in Ro due to the 
improved Coulomb cor rection [Eq. (1)] is accounted for. 
Ro=Rs is still smaller than the predictions from hydro­
dyna mical models, indicating the HBT puzzle persists at piiiiiiii = 200 GeV.sNN 
Dyna mica l effects on the homogeneit y region a ffect 
R2 (kT ) as well as R2 [16,30]. T he relative a mplitudes ; 2 ; 0 
of the oscillations offer a more robust measure of the 
spatial a nisotropy and a re less sensitive to dyna mica l 
effects [30]. Figure 3 shows (right panels) the relative 
a mplitudes vs number of pa r ticipa nts for th ree kT ranges, 
using the ratios R2 =R2 (� = o; s; os) and R2 =R2 . T  he  �;2 s;0 l;2 l;0 
relative a mplitudes for all th ree transverse radii decrease 
in magnitude with increasing number of pa r ticipa nts, and 
their wea k kT dependence agrees qualitatively with hy­
drodyna mic calculations [16]. 
To extract the shape of the pion source at freeze-out, a 
model-dependent approach is required. In the presence of 
collective ﬂow the HBT radii cor respond to regions of 012301-5 homogeneity [31] and do not reﬂect the entire source. T he 
‘‘blast-wave’’ pa ra metrization [6,30,32,33] of freeze-out, 
which incorporates both spatia l a nd dyna mica l anisotro­
pies, has been used to describe va rious observables at piiiiiiii 
sNN = 130 GeV [30,34]. A recent blast-wave ana lysis 
[30] showed that the relative oscillation a mplitudes (e.g., 
shown in Fig. 3) a re most sensitive to the spatial anisot­
ropy. T he source eccentricit y [" = (R2 - R2)=(R2 + R2)]y x y x 
can be related to the relative a mplit ude of the HBT 
oscillations by " final = 2R2 =R2 [10,30], where Rxs;2 s;0 (Ry) 
is the radius of the elliptical source in plane (out of plane). 
T he eccentricit y of the initial almond-shaped overlap 
region was ca lculated from a Glauber model [19] using 
the rms values for Ry and Rx. Figure 4 shows the relation 
between the initial and ﬁnal eccent ricities obta ined by 
averaging the th ree kT bins in Fig. 3. T he initia l and ﬁnal 
eccent ricities exhibit a monotonic relationship, with 
more periphera l collisions showing a la rger ﬁnal anisot­
ropy. Within this model-dependent picture, the source at 
freeze-out still retains some of its initial shape, indicat ­
ing that the outwa rd pressure and /or expansion time was 
not sufﬁcient to quench t he initia l spatia l anisotropy. T he 
la rge elliptic ﬂow and small HBT radii observed at RHIC 
energies might favor a la rge pressure buildup in a shor t-
lived system. Also, out-of-plane freeze-out shapes tend to 
disfavor a long-lived hadronic rescat tering phase follow­
ing hydrodyna mic expansion [17]. 
In conclusion , we have performed an analysis of two-
pion HBT interferomet r y relative to the reaction plane in piiiiiiii
Au + Au collisions at = 200 GeV. T he relative sNN 
a mplit udes of the HBT radius oscillation a re la rgest for 
periphera l collisions, indicating la rger out-of-plane an-
isotropy in the pion source at freeze-out, for collisions 
with la rger initial spatial anisotropy. No strong kT depen­
dence of the relative oscillation a mplit udes is observed. 
T he out-of-plane freeze-out shape of the source indicates 
that the buildup of pressure and the evolution ti me of t he 012301-5
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geomet r y of the collision. T his in formation, ta ken to-
get her with the size of the source and anisotropies in 
momentum space, places signiﬁcant constraints on future 
theoretica l effor ts to describe the nature and time scale of 
the collision’s evolution. 
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